Highlights d Zeta-, epsilon-, and delta-tubulin form an evolutionarily coconserved module In Brief
SUMMARY
There are six members of the tubulin superfamily in eukaryotes [1] . Alpha-and beta-tubulin form a heterodimer that polymerizes to form microtubules, and gamma-tubulin nucleates microtubules as a component of the gamma-tubulin ring complex. Alpha-, beta-, and gamma-tubulin are conserved in all eukaryotes. In contrast, deltaand epsilon-tubulin are conserved in many, but not all, eukaryotes and are associated with centrioles, although their molecular function is unclear [2] [3] [4] [5] [6] [7] . Zeta-tubulin is the sixth and final member of the tubulin superfamily and is largely uncharacterized. We find that zeta-, epsilon-, and deltatubulin form an evolutionarily co-conserved module, the ZED module, that has been lost at several junctions in eukaryotic evolution and that zeta-and delta-tubulin are evolutionarily interchangeable. Humans lack zeta-tubulin but have delta-tubulin. In Xenopus multiciliated cells, zetatubulin is a component of the basal foot, a centriolar appendage that connects centrioles to the apical cytoskeleton, and co-localizes there with epsilon-tubulin. Depletion of zeta-tubulin results in disorganization of centriole distribution and polarity in multiciliated cells. In contrast with multiciliated cells, zeta-tubulin in cycling cells does not localize to centrioles and is associated with the TRiC/CCT cytoplasmic chaperone complex. We conclude that zeta-tubulin facilitates interactions between the centrioles and the apical cytoskeleton as a component of the basal foot in differentiated cells and propose that the ZED tubulins are important for centriole functionalization and orientation of centrioles with respect to cellular polarity axes.
RESULTS
The final member of the tubulin superfamily, zeta-tubulin, was identified in a recent evolutionary analysis showing that proteins annotated as zeta-tubulin, ''cryptic tubulin,'' and eta-tubulin form a single unique tubulin family [1, 8, 9] . Zeta-tubulins are present in many genomes but are mostly unannotated or mis-annotated and essentially uncharacterized. The sole functional analysis was in Paramecium, in which a zeta-tubulin mutant had defects in centriole number, rare defects in triplet microtubules, and mislocalization of gamma-tubulin [9] .
Zeta-tubulin is the last member of the tubulin superfamily to be characterized in vertebrates. We assessed the presence of zeta-, epsilon-, and delta-tubulin in genomes representing all known branches of the eukaryote tree. In contrast to the previous analysis [1] , we found a unique pattern of conservation: (1) organisms that lack epsilon-tubulin always also lack delta-and zeta-tubulin and (2) organisms that have epsilon-tubulin always also have delta-and/or zeta-tubulin. Thus, these three tubulin families form a co-conserved evolutionary module, and we will refer to these together as the ''ZED module'' (Table S1 ). The entire ZED module has been lost independently in each of the major eukaryote branches. It is absent in higher fungi but present in the basal chytrids, it is absent in higher plants but present in mosses, and it is absent in dipteran insects but present in hymenopterans ( Figure 1A) .
Within the ZED module, loss of delta-or zeta-tubulin has also occurred independently; in most cases, delta-tubulin is retained (Table S1 ). Zeta-tubulin has been lost independently several times, including most strikingly between marsupial mammals and placental mammals ( Figure 1A) . In vertebrates in which zeta-tubulin is present, the gene is in a genomic region between Setd2 and Kif9. Although this locus is rearranged in some vertebrates lacking zeta-tubulin, in others (e.g., placental mammals) it remains intact but bears no remnant of zeta-tubulin coding sequence.
We characterized zeta-tubulin in Xenopus, which has all three members of the ZED module. Comparison of the tubulins from Xenopus with those from Chlamydomonas, opossum, and human confirms that the zeta-tubulins are a unique family, that zeta-tubulin is most similar to delta-tubulin, and that the zetatubulin family is the most divergent of the tubulin families ( Figure 1B ). Zeta-tubulin mRNA was detectable at low levels in most adult tissues, with much higher expression in testis (Figure S1A) . We generated an antibody against the C-terminal 20 residues of X. laevis zeta-tubulin that specifically recognizes a protein of the predicted molecular weight in eggs and A6 cells ( Figure S1B ). In both immunoblotting and immunofluorescence, the signal can be blocked by incubation with the immunizing peptide ( Figures S1C and S1D) .
The other ZED module tubulins are associated with the centriole in animal cells [5, 6] , and we tested whether this was also true of zeta-tubulin. Based on quantitative immunoblotting, zeta-tubulin is present in low abundance (%0.002% total protein) in both egg and A6 cells. In A6 cells, zeta-tubulin antibody did not label centrioles or other microtubule-based structures ( Figures  S2B-S2D ) and the faint cytoplasmic labeling of zeta-tubulin could be competed with immunizing peptide. Zeta-tubulin in Table S1 and Figure S1 .
A6 cells fractionates with the cytoplasm ( Figure S2A ) and sediments as an $20-S complex ($29 S in egg extract); the zeta-tubulin peak was clearly distinct from that of the gamma-tubulin ring complex ($32 S; Figures 1C and 1D) .
To determine the nature of the zetatubulin complex(es), we generated an A6-derived cell line that stably expresses GFP-zeta-tubulin at approximately the same level as endogenous; this also localized to the cytoplasm ( Figure S3B ). GFP-zeta-tubulin was purified by GFP nanobody affinity [10] and co-purifying proteins identified by mass spectrometry. Zeta-tubulin co-purified with all eight subunits of the TRiC/CCT chaperone complex and other proteins associated with TRiC/CCT function ( Figure S3A ) [11] [12] [13] . Consistent with this, endogenous zetatubulin co-sedimented with TRiC/CCT component CCT2 in both A6 cell and egg lysates ( Figures 1C and 1D ). Thus, although zeta-tubulin is expressed in both of these dividing cell types, it is likely sequestered in TRiC/CCT.
We next tested whether zeta-tubulin might associate with the specialized centrioles in some differentiated cells. Zeta-tubulin expression is highest in tissues with motile cilia ( Figure S1A ) and is positively regulated by Rfx2, a transcription factor involved in the differentiation of cells with motile cilia [14] . Xenopus oviduct multiciliated cells have >100 motile cilia on their apical surface, each anchored by a basal body, a specialized centriole. In oviduct cell lysate, zeta-tubulin did not co-sediment with TRiC/CCT but rather as a smaller $12.5-S complex ( Figure 1E ). To assess localization of zeta-tubulin, dissociated multiciliated cells from oviduct were stained with zeta-tubulin antibody. Zeta-tubulin localized primarily to the apical domain containing the basal bodies (Figure 2A) .
In contrast to cycling cell centrioles, basal bodies in multiciliated cells have a basal foot, which links the basal body to the apical cytoskeleton, and a rootlet, which extends from the basal body into the apical cytoplasm [15] [16] [17] [18] . Immunoelectron microscopy of oviduct multiciliated cells showed that zeta-tubulin localized specifically to the distal end of the basal foot ( Figures  2B and S2E) . We determined the localization of GFP-zeta-tubulin in vivo relative to centrin-BFP (basal body) and CLAMP-RFP (rootlet) in the multiciliated cells of the tadpole epidermis. In these cells, the rootlet points in the opposite direction from the basal foot when viewed down the basal body axis [19] . Zetatubulin localized to foci in the apical cytoplasm adjacent to the centrin foci marking the basal body axis and opposite the rootlet, consistent with localization to the basal foot ( Figure 2C ). The basal foot interacts with cortical microtubules in multiciliated cells [16, 18] . Microtubules labeled by EMTB-3XGFP, the microtubulebinding domain of ensconsin, intersected the zeta-tubulin foci ( Figure 2D ). Thus, we conclude that zeta-tubulin associates with the distal end of the basal foot in multiciliated epithelial cells.
In multiciliated cells, basal bodies are polarized with respect to tissue axes such that ciliary beating generates directional fluid flow. This polarity is established and refined via the planar cell polarity pathway and fluid flow [20, 21] . Uniform spacing and directional orientation of basal bodies is mediated by the microtubule and actin cytoskeletal networks [22] , which interact with the basal foot [16] [17] [18] . Disruption of the basal foot causes loss of ciliary polarity and uneven spacing of basal bodies [23] . To test whether zeta-tubulin is involved in this process, we depleted zeta-tubulin in Xenopus embryos using translation-(MO1) and splice-blocking (MO2) morpholinos. Both morpholinos reduced zeta-tubulin protein and RNA levels in injected embryos (hereafter morphants; Figures S4A-S4C) .
The effect of zeta-tubulin depletion was assessed by co-expressing fluorescently tagged CLAMP and centrin and examining tadpole epidermal multiciliated cells after basal body orientation is established (stages 31-34) [20] . Basal bodies and cilia still formed in zetatubulin morphant cells, although the number of cilia per cell was reduced and the cilia beat with reduced metachronal fidelity (Figures S4D and S4E ; Movies S1 and S2). Most strikingly, zetatubulin depletion caused disruption of basal body distribution and orientation ( Figure 3A) . Quantification of basal body orientation as assessed by angle of the rootlet with respect to the body axis revealed that the mean directionality (the average of all basal body/rootlet vectors within a cell) was unaffected ( Figure 3B) . However, the uniformity of basal body orientation was significantly reduced in morphants ( Figure 3C ). This is consistent with a previous report of the phenotype of basal foot disruption [23] , which noted basal body disorientation and defective metachronal beat. The basal foot is not completely absent in zeta-tubulin morphants, as the core basal foot component ODF2 [23] was still present on basal bodies ( Figure S4F ). We conclude that zeta-tubulin, functioning at the basal foot, is important for intracellular basal body orientation; this phenotype might be enhanced by defective flow over the embryo.
Zeta-tubulin depletion also caused striking defects in basal body distribution. In control embryos, basal bodies are evenly distributed in the apical domain of multiciliated cells, but in morphants, basal bodies were frequently clumped ( Figure 3A , arrowheads), displaying a significant reduction in the mean distance between each basal body and its nearest neighbor ( Figures 3D   and 3E ). This phenotype was similar to that caused by actin depolymerization [22] .
The basal body orientation and distribution defects suggested that the interaction of basal bodies with the apical actin and microtubule networks might be defective in zeta-tubulin morphants. Microtubules in control embryos, visualized by expression of EMTB-3XGFP, formed a dense apical meshwork linking adjacent basal bodies ( Figure 4A ; see also Figure 2D ). Microtubules in morphant embryos still appeared to link basal bodies, although the distribution of these basal bodies was defective ( Figure 4A ). Actin filaments in control embryos, visualized by phalloidin staining, formed an apical mesh surrounding each basal body and subapical foci linking adjacent basal bodies, as described [22] . Both the apical and subapical actin networks were disrupted in morphants ( Figure 4B ). Morphant cells had fewer subapical foci, and the annular aspect of the apical actin network was less defined (Figures 4B and S4G ). Phalloidin labeling intensity was also reduced in zeta-tubulin morphant cells compared to neighboring uninjected cells in mosaic embryos [24] , but not in those injected with a mismatch morpholino based on MO2 (MM-MO2) ( Figures S4H and S4I) . Thus, depletion of zeta-tubulin disrupts the actin cytoskeleton associated with basal bodies. Given the co-conservation of zetaand epsilon-tubulin, we tested whether epsilon-tubulin might also localize to the basal foot in multiciliated cells. Xenopus embryos were injected with mRNAs for mCherry-zeta and GFP-epsilon-tubulin. In tadpole epidermal multiciliated cells, the foci of epsilon-and zeta-tubulin colocalized adjacent to the centrin foci marking basal bodies, consistent with a model in which these ZED tubulins act together ( Figure 4C ).
Multiciliated cells are a conserved feature of all vertebrates [25] , yet some vertebrates, including human, lack zetatubulin but retain delta-tubulin. Given this relationship, and that delta-and zeta-tubulin are more similar to each other than other tubulins, we considered whether zeta-tubulin might be recognized even in contexts where it is naturally absent. To test this, we expressed Xenopus GFP-zeta-tubulin in cultured multiciliated cells derived from mice, which lack zeta-tubulin. Remarkably, Xenopus GFPzeta-tubulin localized to basal bodies in these cells ( Figures 4D  and S3C ), presumably reflecting conservation of ZED tubulin interactions.
DISCUSSION
We have identified the co-conserved ZED tubulin module and characterized zeta-tubulin, the final member of the tubulin superfamily and the last studied in vertebrates. Zeta-tubulin is expressed in cycling and differentiated cells, is restricted to TRiC/CCT in cycling cells, but is a functionally important component of the basal foot in multiciliated cells. As for other basal foot proteins, depletion of zeta-tubulin causes defects in the orientation and distribution of basal bodies and disorganization of associated cytoskeletal elements. The basal foot of basal bodies and the subdistal appendages of centrioles are structurally and functionally analogous; they have common components (e.g., ODF2) [23, 26] and they link to the cytoskeletal network. Epsilon-tubulin ( [7] and here) and gamma-tubulin [27, 28] also localize to both structures. The localization of delta-tubulin is less clear [5, 6] , but the apparent evolutionary interchangeability of delta-and zeta-tubulin may reflect a functional overlap between these two tubulins. We propose that the ZED tubulin module is an essential component of such appendages, which orient centrioles with respect to cellular polarity axes. Organisms without the ZED module either lack centrioles or have centrioles that lack such appendages (e.g., C. elegans and D. melanogaster). Most single-celled ciliated organisms have the ZED tubulin module (Table S1 ) and have basal body appendages that are functionally analogous to those in vertebrates [29, 30] . Disruption of ZED tubulins in these organisms results in significant cytoskeletal defects, consistent with the ZED tubulins having a conserved role in basal body-cytoskeleton interactions [31, 32] . For example, disruption of epsilontubulin in Tetrahymena resulted in defective orientation and spacing of basal bodies [33] , similar to depletion of zeta-tubulin in Xenopus.
We did not observe a strong defect in centriole number associated with zeta-tubulin depletion, in contrast to previous reports for the ZED tubulins [7, 9, [31] [32] [33] . The evolutionary conservation of the ZED module clearly indicates that these tubulins cannot be absolutely required for centriole formation, because organisms such as Drosophila have centrioles but lack all ZED tubulins [34] . It is possible that, in some contexts, ZED appendages are required for centriole stability rather than duplication per se or that vertebrate zeta-tubulin has become specialized for multiciliated cells that do not have this requirement. Also, we note that a basal body attached to a motile cilium is subjected to forces not experienced by those without and that the importance of the ZED tubulins to centriole orientation and/or stability might differ by context. Lastly, we have not determined a molecular mechanism for the function of the ZED tubulins at centriole appendages. Because the characterized tubulin superfamily members all interact with each other in microtubule structures, it is tempting to speculate that the ZED tubulins similarly function by interaction with each other and/or other tubulins at the intersection of appendage and cytoskeleton. Deletion of ZED tubulin genes from vertebrates, and further characterization of the ZED tubulin proteins, will be needed to resolve these questions.
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